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ABSTRACT 
DEPOSITION METHODS AND THERMORESISTIVE PROPERTIES OF 
VANADIUM OXIDE AND AMORPHOUS SILICON THIN FILMS 
 
Name: Zou, Mengyang 
University of Dayton 
Advisor: Andrew M. Sarangan 
Microbolometer IR imagers consist of an array of thermally sensitive pixels that 
change resistance as infrared radiationn is focused onto the array. Commonly used 
thermoresisitive materials are amorphous silicon (a-Si) and vanadium oxide (VOx). 
Despite their use in image sensors, these films are extremely difficult to produce with 
widely varying process conditions being reported in the literature. Therefore, the goal of 
this work was to examine the process windows of some of these methods, including 
novel approaches such as oxygen ion assisted deposition (IAD), aluminum-induced 
crystallization and glancing angle deposition.  
Among the thermoresistive materials, vanadium oxide has been widely used in 
microbolometers due to their excellent thermoresistive properties, relatively fast thermal 
time constants and high temperature coefficient of resistance (TCR). In our work, we 
examined different physical vapor deposition methods including: RF reactive sputtering 
of metallic vanadium to produce vanadium oxide, thermal evaporation of vanadium films 
and subsequent oxidation, and Oxygen Ion-Assisted Deposition (IAD) of e-beam 
evaporated vanadium. 
 v 
In addition to VOx, amorphous silicon, is also desirable because it can be easily 
integrated into the CMOS fabrication processes more than VOx. The hydrogenated 
amorphous silicon produced by PECVD has a high TCR and a relatively high optical 
absorption coefficient. In addition to PECVD, we used a glancing angle deposition and 
also examined a novel approach to create polycrystalline silicon from aluminum-induced 
crystallization. 
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CHAPTER 1 
INTRODUCTION TO MICROBOLOMETER AND THERMORESISTIVE 
MATERIALS 
 
Bolometers are used to detect radiation in the far-infrared and mm-waves. They 
are also used in thermal image sensors as an array of microbolometers integrated on to a 
CMOS chip. Vanadium oxide and amorphous silicon are two of the leading sensor 
materials.  The required properties of these materials include fabrication compatibility 
and a high temperature coefficient of resistance (TCR). As the material is heated due to 
the absorbed infrared radiation, the electrical resistance of the material changes. In our 
research project, we attempted to understand, design, fabricate and test vanadium oxide 
and amorphous silicon films, with the goal of achieving a high TCR and a low resistance. 
In this chapter, we review the basic theories of microbolometers and thermorsistive 
materials. 
1.1 Microbolometers 
Infrared (IR) imaging technologies have been developing rapidly with low cost 
thermal imagers now available at the consumer level. Most of the low cost thermal 
imagers are made using microbolometers. The higher grade imagers use narrow bandgap 
semiconductors to detect photons instead of temperature, and require cryogenic cooling 
during operation.  For microbolometers, the key material properties that enable effective 
device performance include low electrical resistivity, high TCR and low electrical noise. 
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The working principle is the resistance change due to a temperature change by the 
absorption of IR radiation. The IR active area absorbs the incident radiation and the 
resistance change is detected by the measurement of change in current or a change in 
voltage. 
Microbolometer IR imagers consist of an array of thermally sensitive pixels that 
change resistance as an infrared radiation is focused onto the array. An example of a 
microbolometer pixel structure is shown in figure 1. Commonly used thermoresistive 
materials are amorphous silicon, polycrystalline silicon or vanadium dioxide. It is 
typically an array of one of the three on top of a silicon CMOS chip. The overall sensor 
performance is critically dependent on the sensitivity of the microbolometer. The 
electrical resistivity is the most critical parameter for the circuit noise, and the TCR is the 
response of the material due to temperature change. Despite the fact that these 
thermoresistive materials are used in many image sensors, these films are extremely 
difficult to produce with consistency. Also, there is a large variation in the process 
conditions reported in the literature. Therefore, the goal of this research project is to 
examine the different methods of producing these films, as well as examine novel 
synthesis methods using ion assisted depositions, aluminum induced crystallization and 
glancing angle deposition (GLAD). 
 3 
 
Figure 1-1. Example of microbolometer 
1.2 Vanadium oxide 
Vanadium oxide is one of the top materials for microbolometer applications 
because of its’ high TCR, fast thermal time constants, low noise and good IR absorption. 
It is possible to achieve high TCR values up to -7%/℃  under optimized deposition 
condition [2]. Vanadium is a multivalent element and there are many different oxidation 
states, such as VO2, V2O5, V2O3, and multiphase VxOy. The multiphase VxOycombinations 
have been used as the active material in microbolometers. The vanadium oxide with 
different valence of vanadium has different phase transition temperatures, and all of them 
undergo transition from a semiconductor to a metal phase at a specific temperature. It has 
been found that when the vanadium oxide thin film is heated above its’ phase transition 
temperature, it will exhibit dramatic changes of its electrical and optical properties. These 
changes are fully reversible when the temperature drops below the transition temperature. 
This is known as the metal-insulator transition (MIT). There are many vanadium oxides 
that display a structural phase transition, as described in table 1-1. 
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Table 1-1. Metal-insulator transition temperature of different vanadium oxide phases [1] 
 
 
According to table 1-1, VO2  undergoes a semiconductor to metal transition at 
about 68℃. At the phase transition, VO2 transforms from a monoclinic crystal structure to 
a tetragonal crystal structure with an accompanying optical and electrical change by 
several orders of magnitude. The two different structures are shown below in figure 1-2 
and figure 1-3, where Tc is the temperature of the phase transition. Since its transition 
temperature is the closest to room temperature, VO2 has attracted the most attention and 
is the most ideally suited for detecting small deviations from room temperature.  
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Figure 1-2. The tetragonal structure of vanadium dioxide, when T> 𝐓𝐜 [3] 
 
Figure 1-3. The monoclinic structure of 𝐕𝐎𝟐, when T> 𝐓𝐜 [3] 
 
The low temperature phase (<68 ℃ ) is a semiconductor with a high optical 
transmission in the IR spectral region, and a band gap of 0.7eV [4]. Whereas the high 
temperature phase (>68℃) possesses metallic properties with a strong reflection of the 
incident light, particularly in the IR region. In the semiconductor phase, as the 
temperature rises, the electrons become excited to the conduction band from the valence 
band, generating extra electron-hole pairs, resulting in an exponential rise in conductivity 
with temperature.  
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On the other hand, V2O5 has the highest oxygen state of all of the vanadium oxide 
systems, a high resistance and TCR. Single crystal VO2 and V2O5 have TCR values above 
4%/K, but are difficult to make. Commonly used thin film depositions techniques such as 
evaporation and sputtering will generally give amorphous or polycrystalline films. V2O5 
can be formed from a vanadium metal target in high O2  partial pressures, but its 
resistance at room temperature will be very high. V2O3 has a low formation energy and 
undergoes a semiconductor to metal transition well below room temperature (-118℃), so 
it behaves as a metal at room temperature. High electrical resistance of a device results in 
a high level of circuit noise, therefore, we need a material with high TCR and a low 
resistance.  
1.3 Amorphous silicon 
Amorphous silicon (a-Si) is the non-crystalline allotropic form of silicon. In 
crystalline silicon, the tetrahedral diamond structure repeats over a large range, forming a 
well-ordered lattice (crystal). However, in a-Si, this long-range order is not present and 
the atoms form a continuous random network. Due to the disordered nature of the 
material, some atoms have dangling bonds as shown in figure 1-4. These dangling bonds 
are defects in the continuous random network, which cause degradation and drifting of 
the electrical behavior. However, a-Si can be passivized with atomic hydrogen (a-Si:H) 
which bonds to the dangling bonds and therefore, neutralizes these defect sites. Hydrogen 
passivated a-Si has a sufficiently low density of defects to be used in devices with long-
term stability. 
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Figure 1-4. Amorphous silicon structure [5] 
 
As a result, a-Si:H is a competing technology to VOx in infrared detection and 
microbolometer focal plane arrays. In many practical aspects, a-Si is preferred over VOx 
despite its lower TCR because it can be easily integrated into the CMOS fabrication 
process. In addition, the resistance of a-Si can be controlled by introducing intentional 
dopants during growth. TCR values up to about -3%/K at room temperature have been 
reported in Sameer K. Ajmera’s paper [6]. The microbolometers made of a-Si consist of 
very thin memebranes, which allow for a low thermal mass and consequently, for 
microbolometers with a low thermal conductance. 
1.4 Thesis outline 
 In this thesis we examined different physical vapor deposition methods: RF 
reactive sputtering of metallic vanadium to produce vanadium oxide; Thermal 
evaporation of vanadium films and subsequent oxidation; and Oxygen Ion-Assisted 
Deposition (IAD) of e-beam evaporated vanadium.  In this work, we had produced VO2 
thin films by oxygen ion-assisted electron-beam evaporation. Compared to prior work, 
the phase change temperature was as low as 51 C, which was significantly lower than the 
 8 
commonly reported meatl-insulator transition (MIT) temperature of 68℃. The films were 
deposited on c-cut sapphire substrates, and their properties were measured using a four-
point probe electrical sheet resistance measurement. 
 In addition to vanadium oxide, we also produced hydrogenated amorphous by 
both PECVD and glancing angle deposition. Finally, we examined a novel approach to 
create polycrystalline silicon from aluminum-induced crystallization. The grain quality of 
these films was examined using a SEM and the TCR was measured by the heated four-
point probes method. 
 This thesis is composed of five chapters. In chapter 2, the theory and 
measurement of TCR is introduced. Chapter 3 and 4 shows the design and fabrication 
samples of vanadium oxide and amorphous silicon. The final chapter 5 provides a 
summary of our conclusion and the points for the future work that needs to be done. 
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CHAPTER 2 
INTRODUCTION TO TEMPERATURE COEFFICIENT OF RESISTANCE 
-THEORY AND MEASUREMENT 
 
The temperature coefficient of resistance (TCR) is the change in electrical 
resistance per unit increase in temperature; it is measured in % ⁄ ℃. The TCR of a 
material may be either positive or negative. A positive TCR denotes a rise in resistance 
with temperature, whereas a negative TCR denotes a decrease in resistance with 
temperature. In this chapter, both positive TCR and negative are reviewed; especially the 
relationship between electron mobility and TCR value, and the measurement of TCR 
using a four-point probe system. 
2.1 Positive TCR 
A positive TCR refers to materials that experience an increase in electrical 
resistance when their temperature is raised.  Metals are the most common examples of 
materials with a positive TCR. If the electron concentration is fixed, the resistance 
depends on the mobility, which in turn depends on the frequency of collisions that occur 
between the charge carriers and scattering centers in the material. The frequency of 
collisions will increase when the temperature is raised, resulting in a small increase in 
resistance with temperature [7]. 
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2.2 Negative TCR 
Some materials exhibit a negative TCR; this is caused by the fact that when 
temperature is increased, charge carriers are released which will overcome the decrease 
in mobility and will result in an overall decrease in resistance. This is seen in most 
semiconductor materials. A thermistor, for example, is a thin film of silicon whose 
resistance falls exponentially with temperature, and is more sensitive than a thermocouple 
for smaller measurement ranges.  
Pure metals typically have a positive TCR, while some metal alloys such as 
constantan and manganin, have a zero TCR [8]. Semiconductors often have negative 
TCR. Since microbolometers are thermal IR sensors that absorb electromagnetic 
radiation and thus increase the temperature. The temperature change is consistent to the 
energy of the absorbed radiation and it can be measured by a change of the electrical 
resistance of the thermoresistive materials. Therefore, TCR is the response of the material 
due to temperature change when the materials absorb the IR radiation.  
2.3 The TCR of thermoresistive materials 
The microbolometer uses a thermoresistive material with a temperature dependent 
resistance R(T) to measure the heating effect of the absorbed IR radiation. As we know, 
the higher the TCR value, the larger the responsivity of the detector for a given incident 
infrared radiation.  In the next section, we review the relationship between conductivity 
and temperature, and introduce the measurement of TCR using a heated four-point 
probe.. 
2.3.1 Conductivity of a thermoresistive material 
The current density is given by: 
 11 
J = qnve + qpvk = q(nμn + nμp)ε    (2-1) 
The conductivity due to the electrons and holes is then obtained from: 
σ =
∆J
ε
= q(nμn + pμp)    (2-2) 
The resistivity is defined as the inverse of the conductivity: 
ρ =
1
σ
=
1
q(μnn+μpp)
    (2-3) 
where  μn and μp refer to the mobilities of the electrons and holes, ε is the electric field, 
and n and p refer to the density of electrons and holes, respectively. From equation (2-3), 
we can see that the resistivity is controlled by the carrier mobility and the carrier 
concentrations. Both of these are functions of temperature, and it depends on their 
relative sensitivities to temperature on which term dominates the TCR.  
2.3.2 Effects of temperature and doping on mobility 
According to above equation (2-2), the conductivity of a material depends on the 
concentration of free carriers available to conduct current and their mobility under an 
electric field. For thermoresistive materials, both free carriers and mobility depend on the 
temperature. Therefore, the conductivity as a function of temperature can be written by: 
σ = q[μn(T)n(T) + μp(T)p(T)]    (2-4) 
There are two basic types of scattering mechanisms that affect mobility: lattice 
scattering and impurity scattering [9]. The lattice vibrations cause the mobility to 
decrease when temperature increases. Impurity scattering is caused by crystal defects or 
intentional doping. At low temperatures, carriers move at slower thermal velocities, 
therefore, there is more time for them to interact with charged impurities. Thus, when the 
temperature decreases, impurity scattering increases and the mobility decreases. This is 
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the opposite of the effect of lattice scattering. 
Therefore, the total scattering time (inverse of mobility) is the sum of the lattice 
scattering time and the impurity scattering time. Figure 2-1 shows the relationship 
between mobility and temperature. The approximate temperature dependence of mobility 
due to lattice scattering is T-3/2 , while that of impurity scattering is T+3/2. Actually, 
impurity scattering is typically only seen at very low temperatures, thus, in the 
temperature ranges we measured, only lattice scattering plays a role.  
 
Figure 2-1. Approximate temperature dependence of mobility with both lattice and impurity 
scattering [10] 
2.3.3 Temperature dependence of carrier concentration 
In addition to mobility, the carrier concentration is also affected by temperature. 
The intrinsic carrier concentration of a semiconductor is given by: 
ni(T) = 2(
2πkT
h2
)
3
2(mn
∗ mp
∗ )
3
4e
−Eg
2kT      (2-5) 
where k is the Boltzmann’s constant, h is Planck constant, m∗ is effective mass, T is the 
absolute temperature in Kelvin and Eg is energy bandgap. To determine the total carrier 
concentration we should consider the electron and hole concentrations: 
n(T) = ND
+(T) − NA
−(T) +
ni
2(T)
n(T)
     (2-6) 
    T(K)
(log scale)
( )m cm V s2 / ?
(log scale)
Impurity                             Lattice
scattering                            scattering
T
3
2 T -
3
2
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p(T) = NA
−(T) − ND
+(T) +
ni
2(T)
p(T)
     (2-7) 
For a doped material, the temperature dependence of carrier concentration is 
shown below in figure 2-2. At very low temperatures, the intrinsic electron-hole pairs ni 
will be very small, and the donor electrons will remain bound to the donor atoms;this is 
known as the ionization region. When the temperature increases, ionization increases and 
at 100K, nearly all of the shallow donor atoms will be ionized, at which point the carrier 
concentration will be determined by doping alone. Once every available dopant has been 
ionized, the temperature does not affect the carrier concentration. This is the extrinsic 
region. According to equation (2-6) and (2-7), 𝑁𝐷
+ = 𝑁𝐷, 𝑁𝐴
− = 𝑁𝐴 and 𝑛𝑖(𝑇) ≪ |𝑁𝐷 −
𝑁𝐴| are in the extrinsic region. As the temperature is raised further,  the number of 
thermally generated carriers will exceed the number of donor carriers, ni(T) ≫ |ND −
NA|, and the material becomes intrinsic again. The carrier concentration will increase 
with temperature as shown in equation (2-5).  
 
Figure 2-2. Carrier concentration vs. temperature for a doped semiconductor [11] 
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2.3.4 Temperature dependence of conductivity 
According to equation (2), the conductivity relates to both the carrier 
concentration and the mobility. Therefore, there are various possible temperature 
dependencies for conductivity. First, let us consider the mobility. In the temperature 
range of interest, the mobility decreases as temperature increases, which was discussed in 
2.3.2. Next, let us consider the carrier concentration.  According to equation (8), the 
carrier concentration will increase exponentially. Even though the mobility decreases the 
exponential increase in the number of carriers will dominate. Thus, the conductivity 
change with  temperature and can be given by: 
σ ∝ e
−Eg
2kT      (2-10) 
From the above equation, the conductivity only depends on the bandgap of the 
semiconductor and the temperature, and it increases exponentially with temperature. 
Therefore, the resistivity decreases as temperature increases, thus, the TCR value of 
thermoresistive materials will be negative. 
2.4 Four-point probes 
The four-point probes setup consists of four equally spaced tungsten carbide 
metal tips with a 10mil radius. Each tip is supported by internal springs to maintain a 
constant force on the samples regardless of how much the probes are lowered onto the 
sample. The four metal tips were fitted on a vertical translation stage allowing it to move 
up and down. A current I is made to flow between the two outer probes, and the voltage 
V is measured between the two inner probes, ideally without drawing any current, as 
shown in figure 2-3. One can also perform the same measurement with a simpler two 
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point probe system. However, the measured resistance will include any contact 
resistances between the probe material and the film material. Compared to a two-point 
measurement, the main advantage of the four point probe is the elimination of any 
contact resistances between the probes and the film.  
 
 
Figure 2-3. The structure of 4-point probe [12] 
 
The relationship between current through the outer probes and the voltage 
between the inner probes is dependent to the resistivity of the thin film. The resistivity is 
obtained by: 
ρ = (a 2 πs )V/I =  4.53 t V/I    (2-11) 
where a is a thickness correction factor which is plotted in figure 2-4 below, and t is the 
thickness of the thin film.Thin films we measure are in the range of t/s<<0.5, where 
a=0.72t/s. 
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Figure 2-4. The thickness correction faction [13] 
 
If both sides of the equation (12) are divided by t we get: 
Rs =  ρ/t =  4.53 V/I     (2-13) 
 we refer to this as the sheet resistance, which has the units of ohms/square. 
By using sheet resistances, we can calculate the TCR value of thin films by 
slowly varying the temperature with a substrate temperature controller. The value of TCR 
can be obtained by: 
α =
1
R
dR
dT
     (2-14) 
where R is the sheet resistance of the thin film at the temperature T. We constructed a 
four point probe measurement system by purchasing the probe head from Signatone, and 
building all the necessary translation stages and measurement equipment, as well as a 
substrate temperature controller.  
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CHAPTER 3 
FABRICATION AND CHARACTERIZATION OF VANADIUM OXIDE 
 
Various techniques have been used to produce VOx thin films at low temperature 
and high TCR. These can include: chemical vapor deposition (CVD), sol-gel synthesis, 
sputter deposition and pulsed laser deposition [14]. Sputtering in various forms is one of 
the most common physical vapor deposition processes for growing VOx thin films [15]. 
The advantages of the sputtering process include: film uniformity, scalability to larger 
substrates, and efficiency of deposition [16]. As mentioned earlier, VOx is a multiphase 
oxide whereas VO2 is a single phase oxide, often in crystalline form. The deposition of 
crystalline VO2 is significantly more difficult than VOx, hence, they are rarely used in 
microbolometer applications. A number of different techniques have been reported for 
synthesizing VO2, including: sputtering, evaporation and pulsed laser deposition with 
widely varying process conditions. By far, far the simplest method is the one reported by 
S. Jiang [17] where they studied the oxidation of vanadium metal films on a hotplate at 
400℃ in air. This method is very simple and does not involve any special equipment.  
In our project, we focused on RF sputtering, reactive electron beam evaporation, 
and a new method of Oxygen Ion-Assisted Deposition (IAD) to produce VOx and VO2 
films. The methods mentioned above all produced VOx  thin films with varying TCR 
values, but Ion-Assisted Deposition with metallic vanadium is the only evaporation 
process that exhibited a distinct phase transition.  
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3.1 RF reactive sputtering of V metal to produce 𝐕𝐎𝐱 
VOx thin films were deposited on Si and glass substrates by RF reactive sputtering 
from a metallic V target. Sputtering refers to process where the high purity metallic V 
target is bombarded by high energy argon and oxygen ions, ejecting both the metal 
oxides and the metal, forming the oxide film on the surface of the substrate. 
3.1.1 Sputter deposition 
Sputter deposition is a widely used technique to deposit thin films. The sputtering 
gas is often an inert gas such as argon, which bombards the target to remove the atoms 
from the target. The sputter deposition equipment we used is the Denton Vacuum 
Explorer 14 RF magnetron sputtering system, as shown in figure 3-1. 
 
Figure 3-1. Denton Explorer 14 RF magnetron sputtering system 
 
The sputtering system is equipped with the Angstrom Sciences Onyx-3 magnetron 
sputtering cathode, supplied by a 13.56 MHz RF power supply or DC power supply. A 
high vacuum in the main chamber is achieved by a Pfeifer TMH 261 turbo molecular 
drag pump [18]. 
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There are two cathodes; both of them can be supplied by DC or RF power. In a 
DC or RF plasma, the cathode plate is bombarded by ions to sustain the plasma through 
secondary electron emission. As the cathode voltage is increased, the ions will eject 
atoms from the cathode in addition to electrons, which will land everywhere in the 
vicinity including the substrate. This is known as the sputtering process. The cathode 
plate is typically a water cooled copper plate.  The target material is thermally and 
electrically bonded to this copper cathode plate. Water cooling is necessary for this 
process because a large percent of the power being supplied to the plasma is dissipated on 
the cathode as heat due to the ion bombardment [19]. The substrate is placed on a rotating 
stage to equalize the deposition rate from all directions. Before beginning the process, a 
base pressure of 1 μTorr is achieved in the main chamber to remove moisture and 
absorbed gases.  
3.1.2 Process details 
Before the substrates were put into the deposition chamber, they were cleaned to 
remove the organic matters and other impurity ions adhered to the surface of the 
substrates. High purity Argon was introduced first, and after igniting the plasma for about 
10 minutes, a small flow of oxygen was introduced to maintain a constant Ar:O2 flow 
ratio. RF power and pressure were maintained during the deposition. The assumption was 
that, by controlling the oxygen flow ratio and substrate temperature at different values, 
the oxidation rate and state of the vanadium films could controlled. 
When we first began this work, we were only able to perform RF reactive 
sputtering with the substrate held at room temperature. Subsequently, we added a heater 
with quartz lamps and a rotary stage to the chamber, which is shown in figure 3-2. A 
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thermocouple was used to measure the temperature, although, real time control was not 
possible because we could not attach a thermocouple to a rotating stage.  
 
Figure 3-2. The heater with quartz lamps and a rotary stage 
 
Nevertheless, we were able to raise the substrate temperature during sputtering. In 
order to investigate their thermoresistive properties, the thin films were tested for 
resistivity. During testing, the film temperatures were raised from 20℃ to 180℃. Next, 
the resistance vs. temperature curve was plotted, from which we obtained the TCR value. 
In order to obtain a TCR as high as possible, we varied the oxygen flow ratios, 
temperature, total pressure, and RF power since we wanted to develop an understanding 
of the factors that influence the deposition.  
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Figure 3-3. Setup of the measurement of TCR value (4- point probe station) 
3.1.3 Results and discussion 
In the RF sputter process, the range of the oxygen flow ratio ranged from 0.75% 
to 8%, and the temperature was ranged from room temperature to about 220℃ while the 
RF power was kept 250W.  Table 3-1 shows the different conditions that were tested. 
Table 3-1. Different parameters of RF sputter deposition to produce VOx 
 
The samples deposited at room temperature exhibited extremely high resistance 
values beyond the measurement range of our test setup. We could find that when the ratio 
of oxygen was increased, the rate of deposition would decrease (#1 and #2) and the rate 
increased when the working pressure was increased. During the sputtering process, 
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increasing the ratio of the oxygen would lead to excessive oxidation of the target. 
Therefore, the ability of the ions to eject atoms from the target (sputter yield) will 
decrease, resulting in a reduction in the deposition rate. The sputtering rate of oxides is 
generally much lower than the metals, which leads to the decrease in the observed 
deposition rate. 
With the substrate heater installed, increasing the temperature of the substrate 
during deposition resulted in films with lower resistance that it became possible to 
measure using the four-point probe. Figure 3-4 shows the measured sheet resistance of 
VOx  on SiO2 on Si and on plain glass as a function of temperature when the ratio of 
oxygen was 3% and the substrate temperature during deposition was 220℃. 
 
Figure 3-4. Sheet resistance of VOx vs. temperature of #5 
 
From the above plot, we calculated the value of TCR from equation 2-14 in 
chapter 2. At room temperature, the TCR of VOx on SiO2 on a silicon substrate was about 
-1.8%/℃ while on plain glass it was about -1.2%/℃. Comparing #4 to #5, because of the 
higher ratio of oxygen in #4, we concluded that it might be entirely V2O5, which would 
make it an insulating dielectric. 
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Due to the limitations of the heating setup on a rotating stage, and the lack of a 
thermocouple during deposition, we could not increase the substrate temperature to more 
than 250℃. In order to obtain VO2 and high quality VOx, the literature reports that the 
minimum temperature should be 500 ℃ . Therefore, we did not pursue the sputter 
approach any further, and examined other methods of depositing VO2. 
3.2 Thermal evaporation of V films and subsequent oxidation in the air or in an 
oxygen furnace 
For this method, vanadium metal was oxidized either at an elevated temperature 
under atmospheric conditions or with oxygen in a furnace after the metal V was e-beam 
evaporated from pure vanadium target on a silicon substrate. It was reported in the 
literature by S. Jiang [17] that the simple method of heated V metal films in air could 
produce VO2 thin films that exhibited a phase transition. However, we did not see any 
evidence of phase transition using this simple method. 
3.2.1 Electron beam evaporation 
E-beam evaporation is a thermal evaporation process. It uses an electron beam to 
heat a pellet and increase its vapor pressure so that it can condense on the substrate as a 
thin film. In e-beam thermal evaporation an electron beam is accelerated to efficiently 
deliver energy within a small spot with minimum heating of the other surfaces. Our E-
beam evaporator is shown in figure 3-5. 
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Figure 3-5. Torr E-beam evaporator 
 
In electron beam heating, a tungsten filament generates a cloud of free electrons. 
These electrons are then accelerated by a large electric potential of 8 KV [20]. The 
accelerated electrons are then magnetically deflected and focused towards the material 
surface. The pressure needs to be low enough to provide a large mean free path to allow 
these electrons to travel without any collisions, and the energy is delivered to the surface 
by electron bombardment.   
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Figure 3-6. E-beam evaporator chamber [20] 
 
3.2.2 Process details 
First, we attempted to synthesize VO2  thin films by evaporation of vanadium 
metal film followed by oxidation in air at a temperature of 390℃ on a hotplate as claimed 
in [17]. The vanadium was e-beam evaporated from 99.7% purity vanadium pellets onto 
a silicon substrate. The Si substrate was placed in the chamber and pumped down to 
0.5μTorr, and 100 nm vanadium was deposited. Then the oxidation was done on an open 
hot plate. The oxidation progress was observed by the continuously changing color of the 
vanadium film. As the metal turned to an oxide, the reflection color changed as a function 
of its thickness and refractive index. The color of the original vanadium film was a 
metallic silver. It began to change color almost immediately after being put on the hot 
plate for several seconds. After one minute, the color became brown. With further 
oxidation, the color changed to violet, dark blue, blue, green, and yellow. After 20 
minutes on the hotplate, the film turned to violet again. The final color was dark violet, 
which did not change with further heating time. Figure 3-7 shows the change in color of 
the vanadium films from our visual observation. The color itself is only an indication that 
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the film has changed from a metal to a dielectric. It does not say anything about the 
thermoresistives or stoichiometric properties.  
 
Figure 3-7. The color change when film was heated at 390℃ 
 
After oxidation, the thickness of the thin film was measured and found to be 210 
nm, which is about twice as thick as the original vanadium metal film. Finally, we 
measured the TCR using the heated four-point probe method. This is shown later in this 
section with all other measurements. 
 For the fabrication of VO2  thin films by thermal annealing in oxygen, firstly, 
vanadium thin films were deposited by e-beam evaporation liked in the previous process. 
The tube furnace used for this process is shown in figure 3-8. The samples were placed in 
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a quartz boat with microscope slides as covers and then placed inside the quartz tube. 
Ultra-high purity oxygen was flowed, and the temperature was raised to 400-500℃, for 
process times ranging from 1 to 6 hours.  
 
Figure 3-8. The MIT Tube Furnace used for oxidation 
 
3.2.3 Results and discussion 
 The process parameters of both the above approaches are summarized in Table 3-
2 and the measured sheet resistance as a function of temperature is shown in figure 3-9. 
After the metal V was oxidized at an elevated temperature on a hotplate, we could 
observe the changes in color as described in the paper [17] but we did not see a MIT 
phase transition. 
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Table 3-2. Parameters of annealing metal V in the air and in the oxygen 
 
 
Figure 3-9. Sheet resistance vs. temperature under different anneal condition 
 
According to figure 3-9, there was no evidence of metal insulator phase transition 
after the V film was heated in air for 50 minutes. On the other hand, we could see that the 
results of  #1, #2, and #3 were very similar. The resistance of #2, which was annealed at 
250℃ in oxygen was the lowest compared to others, and it behaved as a metal. When the 
anneal temperature was increased to 400℃, the resistance also increased, but all of them 
still had very low resistance. However, when the temperature was increased to 500℃, the 
resistance became higher and the TCR also became higher with a value of -3.3%/℃. 
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Therefore, we concluded that temperature plays a critical role in determining the 
oxidation state of vanadium. More importantly, from figure 3-9, all of our samples 
showed no evidence of phase transition. Hence, they were most likely in a multiphase 
VxOy combinations.  
3.3 Deposit 𝐕𝐎𝟐  by using e-beam evaporation with oxidation and ion-assisted 
deposition  
Due to the lack of any phase transitions from the previous methods, e-beam 
evaporation of metallic V with in situ oxidation at high temperature, such as 500℃, was 
attempted. Subsequently, we also used oxygen ion-assisted deposition of metallic V, with 
which we were able to successfully produce VO2 films that exhibited a phase transition 
and more than three orders of magnitude change in resistivity. The theory of ion-assisted 
deposition is introduced in the next section. 
3.3.1 Ion-assisted deposition 
IAD (Ion-assisted deposition) is a variant of the e-beam evaporation process, 
which adds a high energy ion beam that is directed at the substrate. It is a deposition 
technique where ion energies ranging from a few eV up to a few keV is used to improve 
the thin films during the deposition process [21]. IAD employs a self-contained ion 
source to direct a beam of ions at the growing film, as shown in figure 3-10. Compared to 
just using e-beam evaporation alone, IAD can lead to higher density thin films, with 
greater mechanical durability, greater environmental stability and lower optical scatter, 
and is the preferred method in the deposition of optical thin films. The amount of ion 
assist can be smoothly varied from zero up to its maximum level, independent of the 
electron beam evaporation process, which also gives the process tremendous flexibility.  
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Although argon is typically used as the gas feed for the ion source, it can be any gas, 
including a reactive gas. By using oxygen, the process is able to deliver high-energy 
highly-reactive oxygen ions to the substrate concurrent with the deposition process. 
 
Figure 3-10. Setup of the IAD 
 
The structure of the films deposited by e-beam evaporation can be influenced by 
the small number of ions produced by the interaction of the evaporant with the electron 
beam. An ionized fraction of only 0.01% can influence film nucleation. At the other end 
of the scale, ion beam deposition offers up to 100% ionization. In our process, the oxygen 
was ionized for the deposition of VO2 films that exhibited a large reversible metal-to-
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insulator phase change. 
3.3.2 Process details 
For the deposition of VO2  by using e-beam evaporation with simple in-situ 
oxidation (without IAD), oxygen was bled into the chamber during the deposition. The 
substrates used were quartz, silicon and c-cut sapphire. Vanadium pellets were placed in 
a tungsten crucible and evaporated by an incident electron beam under a pure oxygen 
atmosphere. In order to identify optimal growth conditions, numerous growth 
experiments were carried out.  
For the IAD process, we varied substrate temperature, plasma discharge current 
and IAD acceleration voltage. In addition, we also annealed the sample after deposition 
in the chamber for different lengths of time and different pressures. In addition to 
electrical properties, we also evaluated their optical properties. This was done by a 
normal incidence reflection/transmission tool by Filmetrics, as shown in figure 3-11, 
which allows us to measure the optical transmittance and reflectance to be measured 
simultaneously to determine the optical constants of the sample.  
 
Figure 3-11. Filmetric F10-VC 
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3.3.3 Results and discussion 
The process conditions for the thin film deposition runs by evaporation with in-
situ oxidation are shown in Table 3-3 along with the sheet resistances and TCR. For easy 
comparison, the thickness of all the samples was kept nearly the same. 
Table 3-3. Process conditions used for deposition of 𝐕𝐎𝟐 thin films by evaporation with 
in-situ oxidation along with their electrical characteristics and value of TCR. 
 
Figure 3-12 shows the resistivity as a function of temperature for all the samples 
that were made with e-beam evaporation with simple in-situ oxidation. 
 
Figure 3-12. Resistivity vs. temperature for VOx from e-beam evaporation with simple in-situ 
oxidation 
 
From the above figure, we still see no phase transition on these samples. and the 
refractive index we measured is lower than publish data on VO2. #4 was evaporated at 
room temperature, while all others were evaporated with oxygen at 500℃. We can see 
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that the resistivity of #4 is significantly larger than others with a lower TCR of only -
0.69%/℃. Comparing #2 and #3, since the resistance of #2 was 238 ohms while #3 was 
too high to measure, we could make the conclusion that higher substrate temperature 
during evaporation with in-situ oxidation results in films with lower resistivities.  
On the other hand, comparing  #1 and #2, where the pressure of #2 was much 
lower than #1, from the figure 3-12 we could find that #2 has a low resistivity and a low 
TCR while #1 has a high resistivity and also a high TCR. It seems that the resistivity is 
correlated to the deposition pressure and the change in resistivity and TCR are consistent. 
Since there was no phase transition in the above samples, then we used oxygen 
ion-assisted deposition of metallic V at different temperatures. Process conditions used 
for deposition of VO2 with IAD along with their sheet resistances and value of TCR is 
shown in table 3-4. Figure 3-13 shows the Resistivity vs. Temperature of the films. 
  
Table 3-4. Process conditions used for deposition of 𝐕𝐎𝟐 thin films by evaporation 
                  with IAD 
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Figure 3-13. Resistivity vs. temperature of 𝐕𝐎𝐱 with IAD at different temperatures 
 
From #1 and #2 in Table 3-3 and figure 3-13, we could find that lower substrate 
temperatures exhibit a higher resistivity, which was similar to the conclusion from the 
evaporation with in-situ oxidation. When we increased the substrate temperature, the 
films were mostly in the V2O3  metallic state at room temperature. Increasing the ion 
energy also reduced the film resistance, which was the same effect as increasing substrate 
temperature.  
Many of the literature suggest that the minimum temperature to produce VO2 is 
500℃, although there is some variability on this figure as well. Our first attempt was to 
deposit films with IAD at room temperature and then anneal at 500℃, just liked the #5. 
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After we compared #5 to #2, we found that annealing could reduce the resistance of the 
film. The resistance reduction might be caused by the recrystallization of the film and the 
decreasing potential energy of crystal boundary. These samples did not exhibit phase 
transitions. 
 Additionally, we also measured the refractive index of the films. This data 
indicates that we might be getting  V2O5  at low temperature and V2O3  at higher 
temperature and/or higher IAD dose. 
It was suggested in [37] that a pre-deposited seed layer of vanadium promoted the 
oxidation of the overlying film into VO2. Following this approach, we first predeposited 
10nm vanadium films as a seed layer at room temperature, and after the temperature 
raised up to 520℃, continued the deposition with IAD up to 500nm, except this time we 
kept the IAD on while the sample was cooling down. After we measured the refractive 
index, it was about 3.5, which was higher than previous samples, and consistent with 
published data on VO2. The resistance measurement is shown in figure 3-15: there is a 
phase transition at about 62 ℃ , and the change of resistivity is about 2 orders of 
magnitude. The color of the sample changed after it transformed from semiconductor to 
metallic, as shown in figure 3-14.  
 
Figure 3-14. VO2 on silicon at low temperature and high temperature 
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Figure 3-15. Resistivity vs. temperature for 𝐕𝐎𝟐 with IAD and anneal at 520℃ 
 
From figure 3-15, maintain the IAD while the sample is cooling down seems to 
play an signifiture role in maintaining the VO2 stoichiometry. In addition, we also find 
there is a reverse phase transition of VO2  on the Si substrate, whose behaior is still 
unclear. When the VO2 changes to a metal phase, it is possible that current is flowing 
through the silicon substrate, and the interface of silicon and VO2  might introduce a 
contact resistance that changes with the phase of VO2. Since the TCR of both the silicon 
and VO2  should be negative, an increase in resistivity of VO2  on silicon while the 
temperature increases is interesting and will be investigated in a future work.  
In order to verify if the process of anneal was critical, we did the same process 
with IAD without annealing but still kept IAD on while the sample was cooling down. 
The measurement results of refractive index, where n=3.9, and resistivity vs. temperature 
on different substrate (sapphire, silicon) is shown in figure 3-16. There is also a phase 
transition at about 58℃, which is lower than 68 ℃ and the change of resistivity is about 3 
orders of magnitude, which is better than the sample after annealing. It means that the 
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post-deposition annealing is not an important factor for producing VO2 thin films. Our 
TCR is as high as -8%/℃, which is much higher than reported in other papers.  
 
Figure 3-16. Resistivity vs. temperature for VO2 with IAD at 520℃ but without anneal 
 
From figure 3-16, for the VO2  on silicon we can still see a small increase in 
resistivity before it drops again. This was deposited with IAD without a post-deposition 
anneal. This will be investigated in our future work as well. 
The visible color of the VO2 thin films also changeed when the temperature was 
increased, as shown in figure 3-17. 
 
Figure 3-17. The color of the VO2 at low temperature and high temperature 
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The appearance of the VOx thin film from evaporation is shown in the figure 3-18. 
Clearly, the color of the VO2  looks brown on sapphire, which is different from the 
appearances of the other phase of VOx. 
 
Figure 3-18. The color of VOx thin films 
 
Although we have successfully produced VO2  thin films with a large phase 
transition, we did not fully understand the process window, or which factors were more 
critical than the others.  Therefore, for the next trial we deposited VO2 with IAD but at a 
lower temperature (300℃), but otherwise similar as last one. Figure 3-19 shows the result 
of this sample, and we can see that there is no phase transition and the resistivity is lower, 
and the TCR is also very low, only -0.073%/℃. Also, from the figure 3-20, we can find 
that the color of this film is different from VO2 thin films.  Therefore, we can make a 
conclusion that during the deposition, the substrate temperature plays an important role to 
the crystallization of VO2 thin films. 
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Figure 3-19. Resistivity vs. temperature of VO2 deposited with IAD at 300℃ 
 
 
Figure 3-20. The color of 𝐕𝐎𝐱 on sapphire and quartz 
 
 In the next, in order to find if the metallic Vanadium layer plays a critical factor, 
we did the same process but without a seed layer. After we measured its resistivity as a 
function of temperature, there was a phase transition at 51℃, and the VO2 film exhibited 
a phase change with more than 3 orders of magnitude resistivity change. Therefore, the 
metallic Vanadium layer was not an important factor during the process. Table 3-4 shows 
process conditions along with their phase transition temperature and value of TCR. In 
addition, the resistivity as a function of temperature on sapphire substrate is shown in 
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figure 3-21. 
Table 3-5. Process condition used for deposition of 𝐕𝐎𝟐thin films with IAD 
 
 
Figure 3-21. Resistivity vs. temperature of VO2 thin films on sapphire substrate 
  
 According to the process condition used for deposition of VO2  thin films, we 
found that oxygen IAD and high substrate temperature were the signature factors to 
obtain VO2thin film successfully with e-beam evaporation of metallic Vanadium. The 
minimum threshold for substrate temperature was not examined, but it must be in the 
range of 300℃ to 500℃, which would be investigated in our future work. 
 For the e-beam evaporation, it is impossible to keep the pressure to a high level, 
as high as 25mTorr, which was mentioned in some papers to produce VO2 thin film. The 
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pressure is too high to cause the accelerated electrons to scatter and induce arcing. In our 
process with IAD, the pressure was nominally around 200 μTorr to discharge 1Amp at 
300V. The results showed that VO2 phase could still be realized even the pressure was 
low, therefore, the high flux of energetic oxygen ions might compensate for the lower 
background pressure. We could investigate if VO2 can be obtained at lower discharge 
currents or lower acceleration voltage in our future work. 
 As for substrates, the VO2 thin films with phase transition that we made were on 
the c-cut sapphire while Silicon substrate gave us some confused results, which would be 
investigated. We can not make a conclusion on which substrates are best for producing 
VO2 without enough data. C-cut sapphire seems to be the most commonly used substrate 
in the literature and in our processes, it was the one of the top candidates substrate for us 
to produce VO2 thin films. 
3.4 Conclusion 
Although VO2 is most commonly produce by RF sputtering, it continues to be a very 
difficult process and not many laboratories are able to produce good quality films. Simple 
oxidation can result in different oxides of vanadium such as V2O3 or V2O5, depending on 
the oxygen partial pressures and substrates temperature. In addition to substrate 
temperature and the oxygen flow ratio, the process pressure also plays an important role. 
From RF sputtering, we obtained TCR of VOx  as high as -1.8%/ ℃ . Using thermal 
evaporation of vanadium films and subsequent oxidation in air or in a tube furnace, we 
found that high temperature was important for the crystallization of VOx, and we obtained 
the TCR values of -3.3%/℃. After we investigated the deposition of VOx by by e-beam 
evaporation with oxidation at high temperature and IAD, we could produce VO2 with a 
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phase transition at 51℃, and the value of TCR of -9%/C, which is much higher than 
previously reported. In addition, our findings suggested that oxygen and high substrate 
temperature were essential to produce VO2 thin film with e-beam evaporation. But some 
factors, such as discharge currents, acceleration voltages, and substrates, will be 
investigated in our future work to figure out the process window for VO2. 
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CHAPTER 4 
FABRICATION AND CHARACTERIZATION OF AMORPHOUS SILICON 
 
In addition to VO2 , amorphous silicon (a-Si) thin films are also used in 
microbolometer thermal imaging arrays. These are most commonly produced by PECVD 
[6]. On PECVD reactors, the a-Si films are deposited at a relatively low temperature and 
the films present good adhesion, good step coverage, high deposition rate and also high 
quality [22]. In our work, we deposited amorphous thin films by following the commonly 
used method of PECVD. In addition, glancing angle deposition was also performed. Then 
we examined a novel approach to create polycrystalline silicon from amorphous silicon 
by aluminum-induced crystallization. The grain quality of these films were examined 
using a SEM and the TCR was measured.  
4.1 The deposition of amorphous silicon with PECVD 
a-Si can be produced by PECVD, which is a CMOS compatible fabrication 
process. Unlike VO2, no phase transformation occurs while the temperature is changing, 
which means that the resistance is continuously decreasing with increasing temperature. 
4.1.1 Plasma enhanced chemical vapor deposition 
Sputter deposition and thermal evaporation fall in the category of physical vapor 
deposition (PVD). One of the characteristics PVD is that the source material is in the 
same chemical state as the resulting thin film. However, in chemical vapor deposition 
(CVD), gas precursors are used to synthesize the film by chemical reactions. Unlike 
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PVD, in CVD, all of the starting materials are gases. CVD can be used for making 
dielectric and metal films. Crystalline films can also be made under specific conditions 
on lattice-matched substrates. Another characteristic of CVD is that it is conformal with 
nearly equal deposition rates on horizontal and vertical surface, which arises due to the 
isotropic diffusion of the reactive gases [23]. 
A PECVD system usually consists of several parts: (1) a gas delivery system, 
including gas cylinders, pressure regulators, mass flow controllers, and various gas valves 
to direct gas flows; (2) a deposition chamber which has electrodes, substrate mounts, 
substrate heaters and RF power feed through; (3) a pumping system; (4) a pressure 
control system that has a capacitance manometer, thermocouple gauges, and throttle 
valve to control the chamber pressure; (5) an exhaust system for the process gases [24]. 
Figure 4-1 shows a schematic of a typical RF PECVD chamber and related parts. SiO2 
and a-Si can be made with PECVD and the gas precursor for silicon is SiH4. At a given 
RF voltage, the plasma will be ignited. The plasma excites and decomposes the gas and 
then generates radicals and ions in the chamber. Various substrates can be mounted on 
the electrodes, and a hydrogenated silicon film grow on the substrates. These substrates 
are heated to obtain optimum film quality because of the thermally activated surface 
diffusion of adatoms on the growing film. 
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Figure 4-1. Schematic of a typical RF PECVD chamber [24] 
 
Generally, there are several steps during the film growth in a PECVD process: (1) 
source gas diffusion; (2) electron impact dissociation; (3) gas-phase chemical reaction; 
(4) radical diffusion and (5) deposition. Lower pressure is desirable for making uniform 
deposition and higher pressure is more desirable for preparing microcrystalline silicon 
films.  In PECVD, the pressure is maintained at around 1Torr.   
4.1.2 Process details 
In our project research, the a-Si thin films were deposited by following the 
commonly method of PECVD. This method inherently introduces hydrogen into the film 
because the precursor gas is SiH4. On PECVD reactor, as shown in figure 4-2, the a-Si 
film is deposited on the substrates, the reaction is given in the following: 
SiH4(g) → Si(s) + H2(g)    (4-1) 
The SiH4 absorbs on the Si surface and decomposes to leave Si. At relatively high 
temperature, the molecule is mobile on the surface, giving a conformal layer. In order to 
avoid crystallization, the temperature should be lower than 600℃. In our process,. before 
the deposition of a-Si, an oxide insulator layer was deposited on the silicon substrate. 
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During the deposition, the temperature was kept 350℃, pressure was 1.5Torr, and the 
flow rate of SiH4 was 100 sccm while the rate of N2O was 710 sccm, respectively. And 
the RF power was kept 10W. The equation of reaction for producing the oxide insulator 
layer  is given by: 
SiH4(g) + 2N2O → SiO2(s) + 2H2(g) + 4N2(g)     (4-2) 
 
Figure 4-2. The PECVD reactor 
4.2 Deposition of amorphous silicon by using glancing angle deposition 
The glancing angle deposition (GLAD) of a-Si is a novel method. GLAD is a 
physical vapor deposition process where deposition flux is incident onto a substrate at a 
large angle with respect to the surface normal [25]. We can control the deposition angle, 
and hence the porosity of the film. The porosity can range from density packed film at 
normal incidence, to sparely separated nanocolumns at high angles of incidence. The 
theory of GLAD is introduced in the next section. 
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4.2.1 Glancing angle deposition 
For glancing angle deposition (GLAD), which is a physical vapor deposition 
technique, vapor flux arrives at the substrate at an angle and this causes atomic 
shadowing.  When the incident flux angle is tilted toward glancing angles, thin film 
deposited via physical vapor deposition loses their inherent uniformity and begin to take 
on a columnar structure. Nuclei formed on the substrate in the early stages of deposition 
shadow regions of the substrate from the incoming vapor flux. At highly glancing angles, 
this self-shadowing mechanism overtakes the effects of surface diffusion, leaving regions 
of the substrate on which no film will be grown. For a-Si, well separated columnar 
structures can be achieved only at high deposition angles, particularly θ > 80◦[26]. 
More specifically, when the gas flux reaches the surface of the substrate with an 
incident angle θ defined in figure 4-3 (1), a nominally plannar film will be formed. The 
arrival of the vapor flux and formation of film nuclei is a random process at this stage. 
The incident angle θ controls the tilt of the columns and affects the degree of shadowing 
and thus the porosity of the film.  This occurs when the small nuclei flow into columns, 
as shown in figure 4-3 (2). The columns and shadows will have size distribution. As a 
result, some nuclei will screen neighboring nuclei from incoming gas flux and thus 
suppress their growth as shown in figure 4-3 (3). In figure 4-3 (4), the column tilt angle is 
0 degree when a column is parallel with the substrate normal and would be 90 degree for 
parallel to the substrate surface. The tile angle 𝛽 does not fully follow the incident angle 
θ [27]. The growth of the column depends on several conditions, such as substrate 
temperature, deposition rate, pressure and substrate type, and so on. If the substrate is 
template with periodic arrays of pillars, then ordered 3D structure can be formed. 
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Figure 4-3. GLAD technique 
 
As a novel method, GLAD has many advantages in terms of controlling the 
growth of nanostructured thin films: (1) It can form nanocolumn array naturally; (2) the 
porosity of the film can be controlled followed by changing the incident angle; (3) There 
is almost no restriction on materials since the growth process is a thermal evaporation; (4) 
The shape and in-plane alignment of columns can be easily modified; (5) It has the 
advantage of self-alignment because of the shadowing effect; (6) It can generate 3D 
nanostructures [28]. These advantages make the GLAD technique very promising for 
nanostructure fabrication. 
4.2.2 Process details and results 
In our work, flat and slanted nanoculumnar a-Si thin films were deposited with 
using GLAD techniques in e-beam evaporation. Figure 4-4 show the GLAD process 
which was used in e-beam evaporation chamber. θ is the incidence vapor flux angle 
between vapor flux and substrate and 𝛽 is the column inclination angle between column 
and substrate normal. The nanostructure of the sample is shown in figure 4-5. Because of 
no rotation of the substrate, nanorods grew faster along their widths in the direction 
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perpendicular to the plane of incident flux. This anisotropic growth on a template 
substrate could result in “fan-out” shapes of nanorods that touched each other due to the 
faster growing width [25]. 
 
Figure 4-4. Schematic of GLAD combined with e-beam evaporation [29] 
 
Figure 4-5. The nanostructure of amorphous silicon 
4.3 The study on amorphous silicon by aluminum-induced crystallization 
Because the a-Si film is almost insulator and the films we made was undoped, it 
was hard for us to measure its resistance even we increased the temperature up to about 
200℃ . Therefore, we started to study polycrystalline silicon (poly-Si) following the 
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aluminum-induced crystallization (AIC) of a-Si. The traditional method to obtain the 
poly-Si consists of a two-step process: a-Si is deposited on the substrate and then this 
layer is crystallized. The crystallization techniques that attracted most attention so far 
have been solid phase crystallization (SPC) [30] and laser crystallization (LC) [31]. For 
AIC of a-Si to obtain poly-Si, it has the advantage of substantially faster crystal growth 
than SPC, and the usage of a simple low temperature annealing process gives AIC greater 
industrial relevance than LC [32]. The formation of a poly-Si layer on substrate is based 
on the overall layer exchange of adjacent Si and Al films. In the next, the theory of AIC 
is introduced. 
4.3.1 Aluminum-induced crystallization of amorphous silicon 
During the process of AIC of a-Si, in which a stack of substrate/Al/a-Si is 
transformed into a substrate/poly-Si/Al(Si) structure by an annealing step below the 
eutectic temperature (577℃) of the Al/Si system [33]. For metal Al, the crystallization 
results from a weakening of the silicon bonds and promotion of silicon nucleation and the 
metal Al acts rather as a catalyst. The higher chemical potential per atom of a-Si 
compared to crystalline silicon (c-Si) can be lead to a super saturation of Si in the Al 
layer [34]. The difference in chemical potential provides a constant driving force for 
dissociation, diffusion and nucleation. 
Then during the annealing of the sample, the process of aluminum-induced layer 
exchange (ALILE) occurs, which means that a poly-Si layer is formed at the original 
position of the Al layer and the corresponding Al segregated to the top of the newly 
formed poly-Si layer. Therefore, the original stack of substrate/Al/a-Si is transformed 
into a substrate/poly-Si/Al+Si layer. It has been found that this layer exchange process 
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starts with the formation of Si nuclei within the Al layer at the Al/a-Si interface. At the 
beginning the Si nuclei grow in all directions within the Al layer until they are confined 
between the original substrate/Al and Al/a-Si interfaces. In the following phase the Si 
grains keep on growing laterally only until they touch adjacent grains and form a 
continuous poly-Si film on the substrate. On top of this film, a layer of both segregated 
Al and Si is formed, which is not incorporated into the poly-Si film [35]. 
After the investigation of the Si crystal growth behavior, we know that the Si 
grains nucleate primarily at the Al/a-Si interface. To form a continuous poly-Si film, the 
grains grow laterally, constrained normal to the layer structure by the substrate and the 
Al/a-Si interface. The three general processes involved in the crystal growth are shown in 
figure 4-6.  
 
Figure 4-6. Schematic diagram of the diffusion and interface processes involved in the grain  
growth during AIC [36] 
 
 
Step 1: The diffusion of Si atoms into the Al, the Si oxide layer is transformed by 
the Al into a mixture of Al oxide and AlxSi phase, which provides a diffusion channel for 
the Si and Al atoms. Step 2: Four different diffusion paths: a) diffusion inside the Al 
grains, b) diffusion along Al grain boundaries, c) diffusion along the Al/a-Si interface, d) 
diffusion along the substrate/interface. Step 3: The diffusion is faster than step 1 and step 
2, incoherent interface between the Al matrix and the Si crystal. 
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4.3.2 Process detail and results 
In our process, both of the normal ALILE and reverse ALILE were investigated, 
thus the benefit of these two methods could be compared.  
4.3.2.1 Normal AlILE 
The process of ALILE before and after annealing is shown in figure 4-7. Before 
the deposition of a-Si film, the substrates were covered by SiO2 film about 170nm to 
reduce their surface roughness, prior to the layer formation and to prevent crystal 
orientation of the substrate from affecting the crystallization of the a-Si:H. 
 
Figure 4-7. Schematic sketch the layer sequence before and after anneal for the normal ALILE 
process 
 
 
After we deposited 60nm Al film by using sputtering on SiO2, the sample was 
exposed to air, which leaded to form an aluminum oxide layer. It is known that the 
oxidation plays an important role for the process. AIC of a-Si can take place without the 
oxidation but then there is no layer exchange. The surface morphology of the poly-Si film 
is determined by the surface morphology of the initial Al layer. Therefore, the surface 
morphology is not changed due to the existence of the aluminum oxide interface layer 
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during the entire layer exchange. Some investigations indicate that Al is bonded to 
oxygen, whereas Si is not bonded, it is reasonable to assume that the aluminum oxide 
interface layers acts as a membrane for the diffusion Al and Si during the layer exchange 
process. The film after oxidation was deposited a-Si by using PECVD. Figure 4-8 shows 
the SEM image of structure Si substrate/ SiO2/Al/a-Si before anneal. 
 
Figure 4-8. SEM image of the structure substrate/ SiO2/Al/a-Si before anneal 
 
The step of anneal was carried out in 100% inert Nitrogen with using the tube 
furnace at 500℃ for different lengths of time. Firstly, we annealed the sample for 90 
minutes. The SEM image of the structure is shown in figure 4-9. 
 
Figure 4-9. SEM image of the structure Si/ SiO2/Al/a-Si after anneal for 90 minutes 
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From the above figure, we could find that after anneal, there was a mixture layer 
of Al and Silicon on the top of the sample, it meant that the exchange of the layers might 
be not completed. To investigate the poly-Si layer formed after annealing, the Al that had 
precipitated on the surface during the process that etched off by a standard Al etching 
solution at 100℃ for 10 minutes. The SEM image of the structure after the process of 
etch is shown in figure 4-10. 
 
Figure 4-10. SEM image of the structure substrate/ 𝐒𝐢𝐎𝟐/Al/a-Si after etch 
 
 
Because the process of layer exchange was not completed, some Al, which was 
still behind the a-Si layer after anneal, was removed off and lead to the air gap after etch, 
as shown in the Figure 4-10. In order to make sure the exchange was completed, we 
annealed the sample for extra 60 minutes and the SEM image is shown in figure 4-11. 
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Figure 4-11. SEM image of the structure Si substrate/ SiO2/Al/a-Si after anneal for extra 60 
minutes 
 
 
The SEM image of the structure Si/ SiO2/Al/a-Si after etch is shown in the figure 
4-12. We can see that Al film almost be removed off and the surface is the amorphous 
silicon thin film. Since the resistance of the poly-Si is very large, it was hard for us to 
measure the resistance. Therefore, the next research was the process of reverse ALILE, in 
which the original structure was Si substrate/SiO2/a-Si/Al. 
 
Figure 4-12. SEM image of the structure Si substrate/ SiO2/Al/a-Si after etch 
 
4.3.2.2 Reverse ALILE 
The process of reverse ALILE before and after annealing is shown in figure 4-13. 
 56 
 
Figure 4-13. Schematic sketch of the layer sequence before and after annealing for the reverse 
ALILE process 
 
In the reverse ALILE process, we firstly deposited the a-Si film on the SiO2, and 
after an oxidation layer was formed in the air, Al was deposited. The structure of the 
stack SiO2/a-Si/Al is shown in figure 4-14. 
 
Figure 4-14. SEM image of structure Si substrate/SiO2/a-Si/Al before anneal 
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Similarly liked the normal ALILE process, the sample was annealed for 60 
minutes. The SEM image after anneal is shown in figure 4-15 and after etch is shown in 
figure 4-16. 
 
Figure 4-15. SEM image for structure substrate/𝐒𝐢𝐎𝟐/a-Si/Al after anneal for 60 minutes 
 
 
 
Figure 4-16. SEM image for structure SiO2/a-Si/Al after etch 
 
Because of the short time of anneal, the layer exchange was still not completed. 
After the Al was removed off, we measured the sheet resistance as a function of 
temperature, the results is shown in figure 4-17. According to the figure, we found that 
when the temperature was increased, the sheet resistance of the sample was increased as 
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well, and its resistance was low, resulting in a positive TCR, which is about 0.3%/℃. 
Since the TCR value of Al is 0.38%/℃, so the exchange process was not completed yet,  
and what we measured was Al layer. Therefore, an extra anneal for 60 minutes was 
processed. 
 
Figure 4-17. Sheet resistance vs. temperature for poly-Si after anneal for 60 minutes 
 
Figure 4-18 shows the SEM image of structure Si substrate/SiO2/a-Si/Al after 
extra anneal for 60 minutes and the SEM image of the structure after etch is shown in 
figure 4-19. There are two different lays on the top of the sample after anneal, it seems 
that the layer of Al and a-Si was exchanged, the poly-Si is on the surface. 
 
Figure 4-18. SEM image for structure 𝐒𝐢𝐎𝟐/a-Si/Al after extra 60 minutes anneal 
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Figure 4-19. SEM image for structure 𝐒𝐢𝐎𝟐/a-Si/Al after etch 
 
 
 
Figure 4-20. Sheet resistance vs. temperature for poly-Si after extra anneal for 60 minutes 
 
After the exchange of the process of reverse aluminum-induced layer exchange 
(ALILE) was occurred, the structure SiO2/a-Si/Al was changed to SiO2/Si+poly-Si after 
Al was removed off. After measured the sheet resistance of the sample, as shown in 
figure 4-20, we could obtain the value of TCR was -0.41%/℃. In order to obtain a high 
TCR value, we did the process of anneal for 4 hours in the next trial. The result for the 
function of sheet resistance is shown in figure 4-21, and the TCR is about -1.5%/℃, 
which is higher than before. The color change of the structure SiO2/a-Si/Al during AIC is 
shown in figure 4-22. 
10000
11000
12000
13000
14000
15000
16000
17000
19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63
sh
ee
t 
re
si
st
a
n
ce
 (
O
h
m
s)
Temperature
Sheet resistance vs. Temperature
 60 
 
Figure 4-21. Sheet resistance vs. temperature for poly-Si after anneal for 4 hours 
 
 
 
Figure 4-22. The color change of the structure Si substrate/𝐒𝐢𝐎𝟐/a-Si/Al during AIC 
 
 
4.3.2.3 GLAD of AIC   
In order the study the glancing angle deposition of aluminum-induced layer 
exchange, before the deposition of a-Si film, the substrates were covered by SiO2 film. 
Then we deposited the a-Si film with GLAD on the SiO2 with the incident angle of 87°. 
After an oxidation layer was formed in the air, Al was deposited. The structure of the 
stack Si substrate/SiO2/a-Si (GLAD)/Al is shown in figure 4-22. 
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Figure 4-23. SEM image of the structure substrate/SiO2/a-Si (GLAD)/Al before anneal 
 
Then we annealed the sample for 1 hour at 500℃, which was shorter than the 
process of normal incident. The SEM image after anneal is shown below. 
 
Figure 4-24. SEM image of the structure substrate/SiO2/a-Si (GLAD)/Al after anneal for 60 
minutes 
 
 
Figure 4-25 shows the SEM image of the structure Si substrate/ SiO2 /a-Si 
(GLAD)/Al after the Al was removed off. We could see the poly-Si is on the surface 
from the figure. Because of the technique of GLAD, the contact area between the silicon 
and Al was increase, resulting in a shorter time for layer exchange.  
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Figure 4-25. SEM image of the Poly-Si after etch 
 
4.4 Conclusion 
The amorphous silicon was the second material that we studied in our research. 
The amorphous silicon thin films were deposited not only by following the commonly 
used method of PECVD, but also by using a glancing angle electron beam evaporation 
deposition. Because the amorphous silicon thin films, which were produced from these 
processes, were undoped, the bulk resistivity was too high to measure its sheet resistance 
by using four-point probe station even we increased the temperature of station. Therefore, 
we focused on the study of amorphous silicon by aluminum-induced crystallization, it 
was available for us to measure the sheet resistance of poly-Si. From the reverse 
aluminum-induced layer exchange, after we annealed the structure Substrate/SiO2/a-Si/Al 
for 4 hours to make sure the process of exchange was completed, we obtained the TCR of 
the poly-Si as high as -1.5%/℃. In addition, comparing GLAD to normal incidence, it 
could reduced the time of layer exchange. 
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CHAPTER 5 
CONCLUSION AND FUTURE WORK 
 
For the deposition of VO2, it is a very difficult process and not many laboratories 
are able to produce good quality films. Depending on the oxygen partial pressures and 
deposition temperature in our process, simple oxidation were resulted in different oxides 
of vanadium such as V2O3 or V2O5. From RF sputtering, we obtained TCR of VOx as high 
as -1.8%/℃. Using thermal evaporation of vanadium films and subsequent oxidation in 
air or in a tube furnace, we found that high temperature was important for the 
crystallization of VOx , and we obtained the TCR values of -3.3%/ ℃ . After we 
investigated the deposition of VOx  by by e-beam evaporation with oxidation at high 
temperature and IAD, we could produce VO2 with a phase transition at 51℃, and the 
value of TCR of -9%/C, which is much higher than previously reported. In addition, our 
findings suggested that oxygen and high substrate temperature were essential to produce 
VO2 thin film with e-beam evaporation. 
For the fabrication of amorphous silicon, which were deposited by both PECVD 
and glancing angle e-beam evaporation deposition. Because the amorphous silicon thin 
films, which were produced from these processes, were undoped, the bulk resistivity was 
too high to measure its sheet resistance by using four-point probe station even we 
increased the temperature of station. Therefore, we focused on the study of amorphous 
silicon by aluminum-induced crystallization, it was available for us to measure the sheet 
 64 
resistance of poly-Si. From the reverse aluminum-induced layer exchange, after we 
annealed the structure Substrate/SiO2/a-Si/Al for 4 hours to make sure the process of 
exchange was completed, we obtained the TCR of the poly-Si as high as -1.5%/℃. In 
addition, comparing GLAD to normal incidence, it could reduce the time of layer 
exchange. 
In order to figure out the process window for VO2 and develop the thermoresistive 
materials, more deposition runs are necesary. In our future work, we will control 
substrate temperature, working pressure, and substrate during the process of e-beam 
evaporation with oxidation or IAD. Some of the VO2  samples on silicon showed 
interesting phase transitions opposite of the expected behavior (resistance increased 
rather than decrease). This is most likely related to contact resistance between the VO2 
film and the silicon, and it is an interesting observation that could be resolved with 
further study. 
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